Genesis of Gold Deposits at the Little Squaw Mines, Chandalar Mining District, Alaska by Ashworth, Kathryn King
Western Washington University
Western CEDAR
WWU Graduate School Collection WWU Graduate and Undergraduate Scholarship
Spring 1983
Genesis of Gold Deposits at the Little Squaw
Mines, Chandalar Mining District, Alaska
Kathryn King Ashworth
Western Washington University
Follow this and additional works at: https://cedar.wwu.edu/wwuet
Part of the Geology Commons
This Masters Thesis is brought to you for free and open access by the WWU Graduate and Undergraduate Scholarship at Western CEDAR. It has been
accepted for inclusion in WWU Graduate School Collection by an authorized administrator of Western CEDAR. For more information, please contact
westerncedar@wwu.edu.
Recommended Citation
Ashworth, Kathryn King, "Genesis of Gold Deposits at the Little Squaw Mines, Chandalar Mining District, Alaska" (1983). WWU
Graduate School Collection. 820.
https://cedar.wwu.edu/wwuet/820
GENESIS OF GOLD DEPOSITS AT THE LITTLE SQUAW MINES,
CHANDALAR MINING DISTRICT, ALASKA
A Thesis
Presented to
The Faculty of
Western Washington University
In Partial Fulfillment
Of the Requirements for the Degree
Master of Science
by
Kathryn King Ashworth
May, 1983
GENESIS OF GOLD DEPOSITS AT THE LITTLE SQUAW MINES,
CHANDALAR MINING DISTRICT, ALASKA
by
Kathryn King Ashworth
Accepted in Partial Completion
of the Requirement for the Degree
Master of Science
Dean of Graduate SoKool
ADVISORY COMMITTEE
MASTER'S THESIS
In presenting this thesis in partial fulfillment of the requirements for a master's degree at Western 
Washington University, I grant to Western Washington University the non-exclusive royalty-free right to 
archive, reproduce, distribute, and display the thesis in any and all forms, including electronic format, 
via any digital library mechanisms maintained by WWU.
I represent and warrant this is my original work and does not infringe or violate any rights of others. 1 
warrant that I have obtained written permissions from the owner of any third party copyrighted 
material included in these files.
I acknowledge that I retain ownership rights to the copyright of this work, including but not limited to 
the right to use all or part of this work in future works, such as articles or books.
Library users are granted permission for individual, research and non-commercial reproduction of this 
work for educational purposes only. Any further digital posting of this document requires specific 
permission from the author.
Any copying or publication of this thesis for commercial purposes, or for financial gain, is not allowed 
without my written permission.
I
MASTER'S THESIS
In presenting this thesis in partial fulfillment of the requirements
for a Master's thesis at Western Washington University, I agree that
the Library shall make its copies freely available for inspection. I
further agree that extensive copying of this thesis is allowable only
for scholarly purposes, j[s understood, however, that any copying
or publication of this thesis for commercial purposes, or for
financial gain, shal 1 not be allowed without my written permission.
Signature
ABSTRACT
The Little Squaw gold mines are located in the Chandalar Mining
District, which is in the Brooks Range, 200 miles north of Fairbanks,
Alaska. Country rock in the Little Squaw area consists of Devonian
clastic and volcanic rocks which were subjected to two periods of
upper greenschist facies metamorphism during the Cretaceous. A
penetrative schistosity developed during the first metamorphic event,
and thrust faulting and the development of a non-penetrative cleavage
occurred during the second.
Gold-bearing quartz veins in the Little Squaw area crystallized
along high angle normal faults which post date thrust faulting and
cross-cut the non-penetrative cleavage. Data obtained from the study
of fluid inclusions from the gold-bearing quartz were used to
determine physical and chemical conditions of ore deposition. It was
found that the gold-bearing quartz veins in the Little Squaw area
crystallized at about 275°C and 825 bars from boiling fluids
containing an average of ,18 mole % C02* Thermodynamic calculations
suggest Au(HS)2 was the predominant gold transporting agent and
transport as AuCl2 was insignificant. The presence of arsenopyrite,
stibnite, and C02-rich fluid with the gold suggests that arsenothio,
antimonothio, and carbonate complexing may have contributed to the
transport of gold.
A drop from lithostatic to hydrostatic pressure, resulting from
tectonic uplift and hydraulic fracturing, induced boiling of the
hydrothermal fluids. The physiochemical changes that took place
during boiling caused gold to precipitate. The search for additional
ore shoots should center on locating the zone of boiling within post- 
metamorphic quartz-bearing structures in the Little Squaw area.
/
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1INTRODUCTION
The Little Squaw gold mines are located in the Chandalar Mining
District, Alaska, 200 miles north of Fairbanks and 100 miles
northeast of Betties, at latitude 67°N and longitude 148°15'W (Fig.
1).
Overland cat trails which have been used in the past for equip­
ment haulage connect the Little Squaw area with the Dalton Highway.
There are three private runways located at Tobin Creek, Big Creek,
and in the Little Squaw Valley. A system of gravel roads connect the
runways and the mines.
As part of the Brooks Range, the area is mountainous with deep
glacially-carved valleys. Elevation ranges from 2000 feet at Squaw
Lake to over 6000 feet in the mine area. Vegetation is of the
typical Arctic tundra type with sparse brush in the valleys and moss
on the hill slopes. Permafrost penetrates to an unknown depth.
Previous Work
Reconnaissance mapping of the Koyukuk and Chandalar Rivers was
first undertaken by Schrader (1899). Regional mapping by Maddren
(1909, 1913) and Mertie (1923) fol lowed. Brosge and Reiser (1964)
revised the structural and stratigraphic interpretations of the area.
Chipp (1970) investigated the Chandalar Mining District in an attempt
to relate the mineral deposits to local and regional structures. The
local geology referred to in this report employs Chipp's (1970)
lithologic and structural interpretations. Summaries of the mineral
occurrences in the Chandalar area have been published by Grybeck
(1977a, 1977b) and DeYoung (1978). The Alaska Division of Geological
2
3and Geophysical Survey is currently mapping parts of the Chandalar
and Wiseman quadrangles at a scale of 1:63,360 and studying the
mineral potential of the area (Dillon, 1982).
In 1905, placer gold was discovered in the Little Squaw Creek.
By 1908 a camp, post office, and mill were established in the Little
Squaw Valley. By 1913, mining had begun on the Mikado, the Summit,
and the Little Squaw lode deposits. At present the Little Squaw lode
claims are owned by Eskil Anderson, Spokane, Washington, and leased
to the Chandalar Development Corporation, Bellevue, Washington.
Objectives
The objectives of this study are as follows:
(1) Determine the composition of the ore-bearing fluids and the
temperature and pressure of vein crystallization through the
study of fluid inclusions;
(2) Apply these data along with field and petrologic data to
determine gold transport and deposition mechanisms;
(3) Propose a model of ore emplacement; and
(4) Develop a prospecting technique based on the above information.
4REGIONAL GEOLOGY
The basement consists of metamorphosed Paleozoic and
Proterozoic carbonaceous, calcareous and siliceous clastic rocks and
mafic volcanic flows. It is exposed in the northeast Brooks Range
and can be traced into the Chandalar area (Dillon, 1982).
Unconformably overlying the basement are Devonian metasedimen­
tary rocks consisting of marble, schist, and mafic and felsic
metavolcanic rocks. Mafic and felsic plutonic rocks have been corre­
lated with the metavolcanics on the basis of their similar
mineralogy, bulk chemistry, U-Pb, and Pb-Pb zircon dates (Dillon and
others, 1980). The Little Squaw gold deposits occur in northwest­
trending high angle normal faults offsetting the Devonian
metasedimentary rocks in the Chandalar area (Fig. 2).
The Skajit Formation overlies the Devonian metasedimentary unit
and consists of marble interlayered with minor graphitic and
calcareous schists and felsic and mafic metavolcanic rocks. The
Skajit Formation crops out in the northwest section of the Chandalar
quadrangle.
The upper Devonian Hunt Fork Shale overlies the Skajit Forma­
tion. This contact is gradational from the older carbonate unit to
the overlying, younger graphitic schist.
Mississippi an schist and schistose sandstone exposed in the
northwest section of the Chandalar quadrangle unconformably overlie
the Hunt Fork Shale.
Rocks in the Little Squaw area have been subjected to two
periods of metamorphism. The first took place during the late
5Triassic to early Cretaceous and resulted in the development of a
penetrative-layer parallel cleavage and an albite-epidote-amphibolite
facies mineral assemblage. The second occurred during early
Cretaceous thrusting (Dillon, 1982) and resulted in the development
of a semi-penetrative cleavage defined by upper greenschist facies
minerals.
Large scale northeast-trending fold belts, early Cretaceous
northeast-trending thrust faults, and later high angle normal faults
occur throughout the northern part of the Chandalar quadrangle and in
the study area (Chipp, 1970).
6GEOLOGY OF THE LITTLE SQUAW AREA
In the Little Squaw area Devonian schists have been divided
into upper and lower plate sequences separated by a thrust fault
(Chipp, 1970). The geology of the area and the location of the mines
and petrographic samples are shown in Figure 2. Sample locations for
rocks collected outside of the mapped area are listed in Appendix I.
Appendix II lists the petrographic characteristics of each sample
along with Chipp's (1970) classification and any analysis performed
on the sample.
Lithology
Lower Plate Sequence
The lower plate sequence is considered to be the oldest in the
Little Squaw area. It is estimated to be greater than 3000 feet
thick (Chipp, 1970) and is approximately equivalent to Brosg^ and
Reiser's (1964) quartz-muscovite-chlorite schist (Dqs). The lower
plate rocks consist mainly of a dark grey to black graphitic quartz- 
muscovite-chlorite schist which is locally intruded by greenstone
sills and/or dikes. The amount of chlorite and albite in the schist
vary and both are more abundant near the greenstone interlayers.
Upper Plate Sequence
The upper plate sequence consists of interlayered quartzite,
schist, and phyllite. Chipp (1970) divided this sequence into three
units: a lowermost schist with interbedded phyllite; a phyllitic
schist; and the upper unit, a quartzite schist to schistose
quartzite. Contacts are gradational and the total thickness is
7estimated at 6700 feet (Chipp, 1970). The upper plate sequence is
approximately correlative to the quartz-muscovite-schist (Dqm) mapped
by Brosg^ and Reiser (1964).
The lowermost schist in the upper plate sequence is a graphitic
quartz-muscovite-chlorite schist with quartz and albite segretations.
Sulfides are found in veinlets with graphite. It contains a major
interbed of the Mikado Phyllite which is about 700 feet thick (Chipp,
1970). The phyllite trends northwest across the mapped area and is
repeated by high angle faulting. The mineralogy of the schist and
phyllite is similar, but the phyllite is finer grained, and it does
not contain quartz and albite segregations.
The middle unit is a quartz-muscovite-chlorite phyllitic schist
of unknown thickness. The contact with the underlying quartz- 
muscovite schist is gradational.
The youngest unit of the upper plate sequence is a quartz- 
muscovite-chlorite schist to quartzite. Calcite and albite are
locally abundant and one sample (64) contains chloritoid, rutile, and
sphene. Chloritoid was identified by microprobe analysis. Chipp
(1970) estimates this unit is 1000 feet thick. The contact with the
underlying unit is gradational.
Intrusive Rocks
Greenstone and greenschist are the only intrusive rocks within
the study area, but granitic intrusions are present some 20 miles to
the northwest.
The greenstone and greenschist occur as sills and dikes in both
the lower and upper plate. They have been dated as Devonian (Dillon
8and others, 1980). Lithologies vary but generally the greenstone
contains abundant chlorite, calcite, and albite, along with lesser
quartz, muscovite, chloritoid, clinozoisite, epidote, and graphite,
along with accessory zircon, rutile, and sphene. Albite
poikiloblasts in one sample (50) contain rims of oligoclase which,
according to microprobe analysis, are up to An27 in composition. The
presence of chloritoid was confirmed by microprobe analysis. Albite,
clinozoisite, and chloritoid occur as poiki1 obiasts in some
locations. Quartz ± calcite t albite veining is common in the green­
stone and the nearby country rock. Texture range from fine-grained
schistose to coarse-grained granoblastic. Chipp (1970) suggests
protoliths of gabbro, diabase, or diorite.
The mineralogy of the greenstones and the albitization of the
country rock near the greenstones suggest soda metasomatism related
to intrusion and/or metamorphism. Silica replacement of some
minerals and quartz veining in the vicinity of the greenstones
suggest silica metasomatism as well (Chipp, 1970).
The Baby Creek Pluton lies 20 miles northwest of the Little
Squaw mine area. It consists of quartzo-feldspathic gneisses in
which 80% of the rock is composed of quartz, albite, and microcline.
Muscovite and chlorite are present in lesser amounts and define the
schistocity, and clinozoisite, garnet, rutile, and sphene are
accessory minerals.
Geochemical analyses of some of the schist, greenstone, and
Plutonic rocks for major oxides and trace elements are given in
Appendix III.
9Metamorphism
The albite-epidote pair is diagnostic of the greenschist facies
of metamorphism. The low grade limit is marked by the elimination of
pumpellyite favoring epidote and the entry of actinolite. The upper
limit is marked by the rapid disappearance of albite + epidote in
favor of calcium plagioclase. Rocks of the Chandalar area were
subjected to upper greenschist facies pressure-temperature conditions
during regional metamorphism.
Microprobe data from albite, chloritoid, chlorite, and epidote
are presented in Table 1. Albite rimmed with calcium plagioclase (An
up to 27), identified in sample 50, confirms that the Little Squaw
rocks were subjected to upper greenschist facies metamorphism. The
oligoclase-in line, taken from Turner's (1981) definition of the
upper limit of the greenschist facies together with the Thompson
projection diagrams for chloritoid-chlorite-biotite-garnet after
Albee (1972), are plotted on Figure 3. Figure 4 shows chemographic
relations for the greenstones in the Little Squaw area, plotted on
AFM and ACF diagrams. The absence of biotite in the Little Squaw
area may be explained in terms of these two diagrams as follows. As
seen from Figure 4, the chlorite composition is Fe-rich (Fe/Mg =
0.83). Such a composition plots to the left of the biotite-chlorite
join in the lower-right Thompson projection in Figure 3, thus
prohibiting the development of biotite. The presence of chloritoid
probably reflects the high Fe/Mg ratio, high A1 content, and low Na,
K, and Ca content of the rocks. The epidote composition is
intermediate between epidote and clinozoisite in the one analysis
10
TABLE 1. Microprobe Data (E. H. Brown, analyst)
Chloritoid
TC-•8 TC-■8 TC- 64 TC -64
Si 23.745 2.0241 23.738 2.0334 23.963 2.0350 23.996 2.0550
A1 39.752 3.9912 39.198 3.9548 39.621 3.9632 38.872 3.9210
Mg 1.077 .1367 1.026 .1308 1.714 .2167 1.530 .1951
Mn .506 .0365 .446 .0323 .448 .0321 .448 .0324
Fe+2 25.130 1.7904 25.663 1.8373 24.459 1.7360 24.877 1.7806
Na .014 .0023 .005 .0008 0.000 0.0000 0.000 0.0000
Chlorite
TC--64 TC -64
Si 25.173 2.7359 25.590 2.7885
A1 20.512 2.6258 19.920 2.5567
Fe+2 27.529 2.5006 27.846 2.5361
Mg 12.821 2.0749 12.548 2.0360
Mn 0.150 .0137 0.169 .0155
Epidote
TC--50
Si 38.157 3.0329
A1 27.423 2.5673 Column #1 = Wt. % oxide
Fe+3 7.074 .4231 Column #2 = Cation per cell
Mg .021 .0024
Ca 22.867 1.9458
Feldspai—interior
TC-50 TC-50
Si 69.090 3.1712 67.447 3.1424
A1 19.882 1.0748 20.116 1.1066
Fe+2 .213 .0081 .100 .0038
Ca .753 .0370 1.029 .0513
Feldspar—rim
TC--50 TC- 50 TC--50
Si 62.713 2.9152 64.542 2.9376 62.788 2.8912
A1 24.463 1.2846 23.429 1.2559 23.760 1.2886
Fe+2 .063 .0024 .195 .0074 .199 .0076
Ca 4.827 .2402 4.789 .2333 5.618 .2769
kb
ar
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FIGURE 3. Facies of regional metamorphism. Ab + Ep->- Oligoclase
line after Turner (1981), as the definition of the 
greenschist to amphibolite facies transition.
Thompson projections illustrating break of the 
chlorite- garnet join (A1bee,1972), (Ctd) chloritoid;
(Gt) garnet; (Bt) biotite; (Chi) chlorite.
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FIGURE 4a. AFM diagram for chlorite and chloritoid composition.
FIGURE 4b. ACF diagram for epidote, chloritoid, and chlorite
composition.
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from sample 50.
During the upper greenschist to amphibolite facies metamorphism
a penetrative layer-parallel cleavage developed in rocks of both the
upper and lower plate sequences. This cleavage is defined by the
alignment of muscovite grains and quartz and albite segregations.
A secondary, semi-penetrative cleavage developed in response to
thrust faulting during a second period of greenschist facies metamor­
phism. Chlorite and graphite are commonly aligned parallel to this
cleavage direction. This cleavage is locally well developed in the
upper plate sequence in the Little Squaw area. Pressure-temperature
conditions of metamorphism were not as intense as in the first
metamorphic event (Dillon, 1982).
Structure
The Little Squaw area lies on the east flank of a northeast- 
plunging anticline. A northwest-trending synclinal-shaped thrust
fault juxtaposed two Devonian schists (Fig. 2). The upper plate was
displaced toward the north-northeast or northeast during early
Cretaceous, after the metasediments had been subjected to the upper
greenschist facies metamorphism (Dillon and others, 1980).
High angle normal faults cut and therefore post-date the thrust
faults. Vertical displacement of up to 1500 feet has been suggested
for one of these fault types, the Summit fault (Fig. 2) (Chipp,
1970). Faults are characterized by graphitic fault gouge, brecciated
wall rock and quartz veining. At several locations these quartz
veins are gold bearing.
14
MINE GEOLOGY
There are three mines developed along the mineralized zones
within the northwest-trending high angle normal faults in the Little
Squaw area. From south to north these are the Mikado, the Summit,
and the Little Squaw.
At least two distinct episodes of quartz deposition can be
recognized in all the mines. The first, henceforth referred to as
"barren" quartz, is a coarsely crystalline, milky white quartz with
minor sulfides and Au, which is volumetrically greater than the
subsequent episode. The second episode, or the "main stage"
mineralization, consists of finer grained quartz, contains most of
the gold, is always found adjacent to the previously emplaced quartz
veins, and is commonly banded.
Mikado
The Mikado Mine is located ip the Mikado fault zone, a 40-foot
wide zone (Swanson and Black, 1975) which displaces the upper plate
quartz-muscovite schist and the interlayered Mikado Phyllite.
Displacement is estimated at greater than 500 feet, down faulted on
the southwest side (Chipp, 1970). Wall rock in the mine is the
Mikado Phyllite. Chlorite- and graphite-bearing fault gouge is found
throughout the fault zone.
The Mikado fault trends N60°W and dips steeply to the north. A
system of east-west joints is locally mineralized. The Mikado fault
zone and the mineralized quartz veins within it are cut and
brecciated along shears that strike N45°W. The structure of the
15
Mikado ore zone is far more complex than that of either the Summit or
the Little Squaw, making location of the ore shoots difficult. This
complexity is probably because the wall rocks in the Mikado mine are
the graphite-bearing, highly incompetent Mikado Phyllite, rather than
the more competent schist at the other mines.
In the Mikado, three generations of quartz are found.
(1) Lenses and pods of quartz ± pyrite + dolomite are found in
the wall rock and in the fault zone. The quartz is generally clear
and coarsely crystalline. Pyrite is found in the quartz and along
borders of the quartz lenses in contact with the chlorite-graphite
gouge. Carbonate and albite are commonly associated with this type
of quartz. Fluid composition, determined from the study of fluid
inclusions, and the texture of the quartz are similar to those of the
metamorphic quartz segregations from the country rock. These pods of
pyrite-bearing quartz may be pre-normal faulting metamorphic
segregations from the country rock or veinlets that crystallized from
the first fluids migrating through the dilatant zone.
(2) The "barren" massive, white, coarsely-crystal1ine quartz
with less than 5% sulfides (arsenopyrite) and traces of gold was
deposited in the dilatant zone after initial opening along the N60°W
striking Mikado fault. This quartz is commonly Fe-stained and highly
brecciated. Au occurs as free gold in the quartz or along sulfide
borders.
(3) The "main stage" mineralization occurs discontinuously
adjacent to the massive coarsely crystalline "barren" quartz. The
gold-bearing quartz, or "main stage" quartz, is fine grained, white.
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and sometimes vuggy. Sulfides that crystallized with this quartz
are, in order of decreasing abundance: arsenopyrite, galena,
sphalerite, stibnite, and pyrite. Gold occurs as flakes and wires in
the quartz, in small veinlets, and along sulfide borders adjacent to
galena, or arsenopyrite and, more rarely, sphalerite or stibnite
(Fig. 5). Smearing of sulfides and fault gouge indicates movement
along the fault zone during mineralization (Fig. 6). Fine hair-like
stibnite and wel1-developed pyrite crystals are found in vugs
together with terminated quartz crystals, indicating that some
mineral deposition continued after cessation of fault movement.
Isotopic composition of lead from galena in the "main stage"
mineralization was analysed by Teledyne Isotopes. The atomic percent
measured is as follows: 204pb-1.344; 206pb-25.273; 207pb-21.050;
208pfj-52.333. A plot of 207p(3/204p|j vs. 206p|3/204pjj on a single
stage concordia diagram, such as the Holmes-Houterman model (Faure,
1977), lies beyond the present-day concordia and in the future. Such
a value indicates multistage lead growth in two or more source
regions.
Summit
The Summit fault trends N80°W and dips 75-80° north at the
Summit mine. The Summit fault juxtaposes a dark grey quartz- 
muscovite-chlorite schist (Ds) on the south, with a medium gray
quartz muscovite-chlorite-schist to phyllite (Dphs) on the north.
Graphitic-chloritic fault gouge developed along the hanging wall to
the north. Numerous northeast to east-northeast joints in the
17
FIGURE 5. Gold on sulfide borders, Mikado "main stage" quartz.
18
FIGURE 6, Sulfides smeared in fault gouge, Mikado fault gouge.
19
silicified footwall are Fe stained. None of the joints apparently
transect the N80°W normal fault, and none are mineralized. The
hanging wall moved west and down relative to the footwall.
Two generations of quartz veins occur along the Summit fault.
(1) The "barren" quartz lies along the hanging wall and is up
to 4 feet wide. It is a massive, white, coarsely crystalline quartz
vein containing less than 5% sulfides and little gold.
(2) The "main stage" mineralization is found along the foot­
wall where it pinches and swells in contrast to the more continuous
hanging wall "barren" quartz vein. The "main stage" vein is
generally banded, with graphite and arsenopyrite smeared along the
bands. Scorodite (FeAs04.2H20) is common as is Fe staining of the
quartz. Gold occurs as free gold in the quartz, commonly as blebs,
rarely as wires.
Little Squaw
The fault along which mineralization occurs at the Little Squaw
mine trends N80°W and dips 60°S. The hanging wall is a light grey
quartz-muscovite-chlorite schistose quartzite and the footwall is a
medium gray quartz-muscovite-chlorite schist. Again, two generations
of quartz can be identified along the fault.
(1) The "barren" quartz, which is found on the hanging wall
side (south) of the fault, is a white, massive, Fe-stained, coarsely
crystalline quartz generally devoid of sulfides and gold.
(2) The "main stage" quartz is found along the footwall,
adjacent to the fault gouge. The smearing of arsenopyrite.
20
scorodite, and fault gouge during syndepositional movement caused a
banding effect. Gold crystallized as blebs in the quartz and most
commonly as wires in the vugs (Fig. 7).
21
FIGURE 7. Wire gold. Little Squaw "main stage" quartz.
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PARAGENESIS
The sequence of vein crystallization and mineral deposition in
high angle normal faults in the Little Squaw area can be summarized
as follows:
(1) Initial opening of fracture systems. Normal faulting in
the Little Squaw area juxtaposed a hard quartz-rich unit with a
phyllitic unit which was dynamically converted to chloritic-graphitic
fault gouge. The Mikado fault is an exception since it developed
entirely in the highly graphitic Mikado Phyllite.
(2) Deposition of "barren" quartz. Massive, white, coarsely
crystalline quartz with minor arsenopyrite crystallized in the open
fractures. The coarsely crystalline nature of the quartz suggests
crystallization from slowly cooling fluids (Carmichael and others,
1974). There is a great variability in the degree of fill of fluid
inclusions from this period of quartz crystallization, indicating the
fluids were boiling during crystallization (see Discussion). Only
minor gold is recoverable from this quartz type.
(3) Recurrent movement. Recurrent movement and rotation along
the high angle normal faults caused opening and closing along the
fault.
(4) "Main stage" mineralization. Quartz deposition and
continued movement along pre-existing structures occurred
simultaneously during "main stage" mineralization. The quartz
hosting the greatest amount of gold and sulfides is fine-grained and
banded, with fault gouge and sulfides in the bands. The fine-grained
nature of the "main stage" quartz suggests crystallization from
23
rapidly cooling fluids (Carmichael and others, 1974). Fluid
inclusions contain varied amounts of fluid and gas, indicating the
solutions were boiling at the time of crystallization (see
Discussion). The associated sulfides in order of decreasing abundance
are: arsenopyrite, galena, sphalerite, stibnite, and pyrite.
The paragenesis of "main stage" mineralization, as determined
from examination of polished sections and hand specimens, is
described below and summarized in Figure 8.
(1) Quartz was deposited in open fractures.
(2) Fracturing continued.
(3) Quartz and arsenopyrite were deposited in veinlets in
quartz.
(4) Sphalerite with rare exsolution blebs of chalcopyrite (Fig.
9) was deposited, and possibly replaced arsenopyrite (Fig.
10).
(5) The deposition of gold, galena and quartz followed. Galena
crystallized in veinlets cutting arsenopyrite and possibly
replaced arsenopyrite (Fig. 11). Gold commonly
crystallized adjacent to galena, and adjacent to or
replacing arsenopyrite (Fig. 12). It also crystallized as
isolated flakes in quartz.
(6) Fracturing followed, resulting in the smearing of gold and
sulfides with fault gouge.
(7) Finally, quartz, pyrite and stibnite (possibly gold) were
deposited. The position of pyrite and stibnite in the
paragenetic sequence is difficult to determine because of
the small amount of these sulfides.
24
FIGURE 8. Summary of paragenetic sequence from polished section
analysis of "main stage" quartz.
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FIGURE 9. Photomicrograph of exsolution blebs of chalcopyrite in
sphaleri te.
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FIGURE 10. Photomicrograph of sphalerite and gold replacing 
arsenopyri te. Gold crystallized on arsenopyrite 
border.(Sp) sphalerite; (Aspy) arsenopyrite; (Au)
gold, reflected light on polished surface.
FIGURE 11. Photomicrograph of galena veinlet in arsenopynte.
(Ga) galena; (Aspy) arsenopyrite, reflected light 
on polished surface.
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FIGURE 12. Photomicrograph of gold and galena replacing
arsenopyrite. (Aspy) arsenopyrite, (Ga) galena,
(Au) gold, reflected light on polished surface.
29
FLUID INCLUSION STUDIES
Fluid inclusions in the metamorphic quartz segregations, the
"barren" quartz, the "main stage" quartz, and the quartz-pyrite
veinlets were studied to determine the composition of the fluids from
which the quartz crystallized and the temperature and pressure of
crystallization.
Methods
Each sample was petrographically examined to assure suitability
for fluid inclusion studies. Ten doubly-polished quartz slabs were
made from each selected sample. All the slabs prepared from an
individual sample came from an area less than 10 cm x 10 cm.
A qualitative estimate of the abundance of inclusions was made.
The pattern of inclusion occurrence was noted to determine primary,
secondary, or pseudosecondary origin based on the criteria advanced
by Roedder (1976). Primary inclusions were compared to determine if
the degree of fill was consistent. Variation in the degree of fill
and presence of vapor-rich inclusions indicate boiling. Ranges in
the degree of fill may also indicate fluid mixing or development of
inclusions from immiscible source fluids. Any opaque grains, usually
graphite or sulfides, were noted and identified if possible. The
slab was then examined to find an inclusion suitable for study. The
area was marked and the slab mounted in the heating-freezing stage.
Primary inclusions which were large and clear enough to allow
visibility of the phase changes were chosen for heating-freezing
studies. The smallest usable inclusions were found to be about 15 urn
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for the freezing studies, and 5-10 um for the heating runs, provided
they were flat and clear. A sketch of each inclusion was made, to
scale, at 40°C, showing the shape and size of the vapor bubble. From
this, the degree of fill and volume % H2O were estimated. In this
study the area of the inclusion and bubble were measured with a
planimeter. For flat and thin inclusions it was assumed that area
percent equalled volume percent. For inclusions approximating a
sphere, the volume percent was taken from the area-volume conversion
figure given in Roedder (1972, p. 5514).
A Model II, S6E, Inc. heating-freezing stage, with minor
modifications made at Western Washington University by George Mustoe,
was used in this study. Freezing of the inclusions was accomplished
by blowing gaseous nitrogen over the slab. The gaseous nitrogen was
cooled in a heat exchanger immersed in liquid nitrogen. Hot air was
blown over the slab for heating. A thermocouple in direct contact
with the polished slab measured the temperature of the slab. For a
given inclusion, freezing runs were completed before heating runs.
For each sample three or four inclusions were used for observing low
temperature phenomena, and up to twenty inclusions were used for
heating runs.
Observation ^ Phase Changes
During heating and freezing of the fluid inclusions the
temperature and nature of the phase change was noted. The
temperature of the liquid solid phase transition is dependent on
the bulk composition and the phase to which the system homogenized.
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then the density of the system can be determined. Figure 13 is a
temperature-density diagram for the pure H2O system with the H2O
solvus contoured at various pressures. If the vapor phase in a pure
H2O, two-phase inclusion was seen to shrink and disappear upon
heating at 305°C, point A on Figure 13, then the inclusion
homogenized to the liquid phase and had a density of 0.7 g/cc. If
the vapor bubble expanded and filled the inclusion at 330°C, point B
in Figure 13, then the inclusion homogenized to the vapor phase and
the density of the system was 0.1 g/cc. If the fluid had a density
of 0.4 g/cc, the critical density of H2O, then the miniscus
separating the liquid and the vapor would gradually disappear without
either phase expending or shrinking. This occurs at the critical
point of the system, which in the case of pure H2O is 374°C, point C
in Figure 13. With continued heating, pressure-temperature
conditions after homogenization of the inclusion follow a path of
equal density, an isochore, through the one phase field, either
liquid, vapor, or supercritical to the true trapping temperature and
pressure.
Identification of Fluid Components
Identification of the components of the fluid inclusion is
accomplished by observing and identifying phase changes which occur,
and comparing the observations with experimentally determined fluid
phase equilibria. The components considered to be present in the
fluid inclusions in quartz from the Little Squaw area are H2O, CO2,
NaCl, and CH4, and at room temperature these are present in liquid
and gaseous phases as follows:
FIGURE 13. Temperature-density diagram for the pure H2O
system (after Roedder,1972).
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H2O 1iquid--If an inclusion is filled with liquid, the liquid is
assumed to be predominantly H2O.
Gas--If a small bubble is seen in the fluid, the bubble is
assumed to be gas. This gas may be pure H2O gas, but may contain
other components, which are identified by phase changes and shifts
from pure phase equilibrium.
CO2 1 iquid--The vapor bubble in an inclusion usually contains
some CO2 gas. If the critical density of CO2 in the inclusion is
exceeded, CO2 liquid will condense. At room temperature (19°C) CO2
liquid and H2O liquid are immiscible. The CO2 forms a "liquid
bubble" in the H2O. The gas bubble will be located in the CO2
liquid. If CO2 is suspected, heating the inclusion to above 31°C,
the critical temperature of CO2, and observing homogenization
establishes its presence.
NaCl"Depression of the freezing point of H2O indicates salts in
solution. In the system CO2 - H2O - NaCl ± CH4, however, the effects
of the NaCl are masked by the other components, especially by the
formation of the clathrate compound carbon dioxide hydrate (C02*
5.75H2O). Depression of the melting temperature of the clathrate
below 10°C, in the presence of CO2 liquid and CO2 gas, indicates the
presence of dissolved salts (Burruss, 1981). Discussion of clathrate
compounds is presented in the following section of this study.
^—Depression of the melting point of CO2 to temperatures less
than -56.6 indicates the presence of CH4 (Hollister and Burruss,
1976). Clathrate melting above 10°C also indicates the presence of
CH4 (Burruss, 1981).
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Additional Gas Components--If the CO2 liquid-C02 vapor
homogenization temperature is above the CO2 critical point (31°C),
then additional components with critical points above 31°C must be
present. Figure 14 is a P-T projection of the critical curves for
the systems CO2-H2S; and CO2-SO2 compared with CO2-CH4. Additions of
either of these components would raise the CO2 homogenization
temperatures to greater than 31°C (Burruss, 1981).
Phase Changes in the CO2 + H2O + ^4 + NaCl System
Phase changes were observed between -100°C (the lower limit of
the S6E Model II system) and 350°C in this study. In order of
increasing temperature these phase changes are: CH4-rich liquid—
CH4-rich vapor; C02~'^ich sol id--C02-rich liquid; H2O melting;
clathrate melting; CO2 homogenization; and aqueous liquid and vapor
homogenization.
(1) The first observable phenomenon during heating is the
appearance of CH4 vapor and the disappearance of CH4 liquid at
temperatures less than -90°C (see Fig. 15). This temperature is
pressure dependent but not composition dependent (Burruss, 1981).
(2) The second phase change is the melting of C02~rich solid to
C02-i"ich liquid between -60®C and -56.6°C depending on the mole
fraction of CH4 present. This phase boundary is shown in the T-X
projection of Figure 15 and the T-P projection in Figure 16, both
after Burruss (1981). Also shown in Figure 16 are vapor pressure
curves for pure CO2 and CH4-CO2 mixtures up to 0.45 mole fraction
CH4. Careful measurement of the temperature of final C02-rich solid
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FIGURE 14. Liquid-vapor curves for C02,S02»H2S, and CH^
(after Burruss,1981).
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FIGURE 15. Isobaric, T-X section at about 30 bars. The
temperature axis is not to scale (after Burruss,
1981).
FIGURE 16. Experimentally observed P-T phase equilibria for
the system CO^-CH^, slightly modified from
Hollister and Burruss, 1976 (after Burruss,1981).
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disappearance can be used to determine mole fraction CH4 in the range
mole fraction CH4 = 00 to 0.45, assuming all H2O in the inclusion is
in a separate phase, i.e., ice or clathrate.
(3) The third observable phase change is the melting of H2O- 
rich solid to H20-rich liquid. The freezing point of pure H2O is 0°C
and depression of this freezing point indicates the presence of
dissolved salts. The lower curve in Figure 17 illustrates the
freezing point depression of aqueous fluids with increasing amounts
of NaCl to the system.
When CO2 ± CH4 is present in the system, clathrates form at low
temperatures and the freezing point depression cannot be used to
determine salinity. As the clathrate crystallizes, H2O is removed
from the aqueous phase and NaCl is rejected from the lattice of the
clathrate. The residual fluid becomes more saline than the original
liquid, thus the freezing point depression would measure the higher
salinity of the residual fluid, rather than the aqueous fluid of the
system.
(4) Upon further heating, clathrate compounds, if present, will
melt at approximately 10°C. Clathrate compounds are
nonstoichiometric gas hydrates in which gas molecules are trapped in
the host crystal lattice of water molecules. Clathrate hydrates can
form from CO2, CH4, H2S, SO4, N2, O2, saturated and undersaturated
hydrocarbons through C3, the rare gases and a number of other
molecules. The clathrates formed from any of the molecules have the
same cubic (Pm3n) IzR unit cell and complete multicomponent solid
solution amongst them is possible. Clathrate detection is outlined
FIGURE 17. Depression of the decomposition temperature of
CO^ hydrate by NaCI, in the presence of CO^
liquid and CO^ qas. The fusion temperature
depression of ice by NaCl is included for com­
parison (after Collins,1979).
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in Collins (1979, p. 1439-1440). Collins (1979) devised a system
whereby the salinity of the aqueous phase can be determined for the
system C02-H20-NaCl by the clathrate melting temperature, provided no
additional gases are present, and a liquid CO2 phase coexists with
H2O fluid at room temperature. Figure 17 shows the H2O freezing
point depression in the H20~NaCl system and the clathrate melting
point depression for the H20-C02-NaCl system. Addition of CH^ to the
systems will shift the clathrate melting point to higher temperatures
(Collins, 1979).
(5) The homogenization of C02-rich liquid and vapor at
temperatures of 31°C or less is the next observable phase change upon
heating of an inclusion. Figure 18, a phase diagram for CO2, shows
the vapor-pressure curve, the critical point, and isochores for
various densities.
The CO2 homogenization temperature and the volume % H2O can be
used to estimate the bulk composition and molar volume of the
inclusion. Burruss (1981) outlines the procedure and discusses the
assumptions on which the method is based. The procedure is as
follows:
(a) The pressure inside the inclusion is determined at 40°C
from the isochore defined by the measured liquid-vapor CO2
homogenization temperature (see Fig. 18). For example, if the CO2
homogenized at 20°C into the liquid phase, then the pressure within
the inclusion at 40°C is 165 bars.
(b) The volume % of H2O is estimated at 40°C. In our example
let us assume the inclusion contains 30 volume % H2O.
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FIGURE 18. Phase diagram for COp, showing densities (g/cc) 
of several isochores. The dashed lines relate 
to example described in text (after Hollister, 1981).
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(c) Using the above estimates of pressure and volume % H2O at
40°C, the bulk density is determined using Figure 19. For example,
with pressure egual to 165 bars, and volume % H2O egual to 30, the
bulk density, P3 = 28 moles/liter.
(d) The bulk molar volume is then calculated from the bulk
density. For example, the fluid with bulk density p g - 28
moles/liter will have a bulk molar volume:
Vg = 10^/28 "" cc/mole
(e) Using the above value of bulk density and a CO2
homogenization temperature of 20°C, the mole % H2O in the fluid
inclusion is determined from Figure 20. For example, with Vg = 35.7
cc/mole and T,. • 4.- = 20°C, the mole % H^O = 57%.
cc/moie ana ‘homogenization 2
(6) The final observation made upon heating is the
homogenization of the liquid and vapor to one fluid phase. The
homogenization temperature can be used to determine the density of
the system if the composition of the fluid is known and the vapor- 
pressure curve for that system has been experimentally determined.
If p-v-T properties of the fluid are known, then isochores are
defined in P-T space representing conditions over which fluids of
that density may have been trapped. If the fluid was boiling at the
time of trapping, then the measured homogenization temperature is the
true trapping temperature and the pressure of trapping can also be
determined. If the fluid was not boiling at the time of trapping
then the pressure and temperature conditions of trapping lie on the
isochore representing the density of the system. In this case a
pressure correction based on depth estimates is necessary before the
FIGURE 19. A quantitative, isothermal f-P diagram for coexisting
CO2 and H^O fluids at 40°C. The volume percent H^O
contours allow estimation of the bulk density of an
inclusion for any observed C0„ phase density and
C __ o
estimated pressure.? moles/liter = 1/V,, x lO"^, where
_ I D
Vg is expressed in cc/mole.
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nated CO2 liquid-vapor homogenization temperatures
(Th, where the subscript L or V indicates homogeniza­
tion to liquid or vapor)(after Burruss,1981).
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trapping temperature can be determined. The internal pressure, which
increases during heating, may exceed the external confining pressure
causing the inclusion to decrepitate before homoginization.
Decrepitation is common in C02-i"ich inclusions.
Results
A total of 280 fluid inclusions from 16 different sample
locations was examined on the heating-freezing stage during the
course of this study. The samples were distributed as follows: 5
from the Little Squaw, 4 from the Mikado, 3 from the Summit, 2 from
metamorphic quartz veins in metasedimentary country rocks; and 2 from
metamorphic quartz veins in greenstone country rocks. The location,
description of the quartz, and inclusion types present are described
for each sample in Appendix IV. Based on appearance at room
temperature (Figure 21), the inclusions were typified as follows:
Type 1 H2O + vapor + CO2 liquid H20>30 vol. %
Type 2 H2O + vapor H2O >30 vol. %
Type 3 H2O + vapor H2O <30 vol. %
Type 4 H2O + vapor + CO2 liquid H2O <30 vol. %
Three textural varities of quartz in the Little Squaw area are
present. The "main stage" quartz is generally fine grained (.03-.04
mm) and is always milky, due to vast number of fluid inclusions. The
"barren" quartz is coarser grained (.5 mm up to several cm), is less
milky and contains larger fluid inclusions. The metamorphic quartz
is coarse grained (.5 mm and larger), clear, and shows mild undulose
extinction. The quartz found with pyrite in veinlets is generally
46
FIGURE 2i. Photomicrograph of doubly polished quartz slab with 
type 1 and type 2 inclusions. A,B,and C are primary 
inclusions. Inclusion A is approximately .05mm long.
47
clear and coarse grained, with some interspersed milky, fine-grained
quartz.
"Main stage" and "barren" quartz contain both liquid-rich (Types
1 and 2) and gas-rich (Types 3 and 4) inclusions within the same
sample, suggesting that the fluid was boiling at the time of
hydrothermal quartz deposition.
Melting and Homogenization Phenomena, and Fluid Composition
The temperatures at which phase changes were observed are
tabulated in Appendix V and include CH^ vaporization, CO2 melting,
H2O melting, clathrate melting, and H2O homogenization along with
inclusion type and estimated volume % H2O at 40°C.
(1) The liquid CH4 to vapor CH4 phase transition, observed in
only 25 inclusions from 10 samples, occurred at temperatures between
-90.2°C to -96.2°C, reflecting variations in pressure. The small
volume of CH4-rich liquid and the fact that only 25 out of 81 inclu­
sions that were frozen contained CH4 liquid at low temperatures
suggests CH4 was not an important component of the system.
(2) CO2 melting was observed in 42 inclusions representing all
but 4 samples (36, 45, 46, 103). The melting temperatures ranged
from -53.6°C to -58.4°C and averaged -57.1°C. The CO2 melting
temperature for metamorphic, "main stage", "barren" and pyrite- 
bearing inclusions is plotted in the bar graph in Figure 22.
Inclusions in "barren", pyrite-bearing, and metamorphic quartz
(excluding the anomalous -54.4°C temperature) have similar average
CO2 melting temperatures of -57.4°C, -57.2°C and -57.9°C,
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10 inclusions i3f
FIGURE 22. CO2 meltinci temperature diagram.
■ "main stage" quartz
□ "barren" quartz 
s pyrite-bearing quartz
X metamorphic quartz
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respectively, which indicates a composition of about .96 mole
fraction CO2 and 0.04 mole fraction CH4. Inclusions in the "main
stage" quartz have an average CO2 melting temperature of -56.5°C,
which represents pure C02-
(3) The temperature of H2O melting was noted in 62 inclusions
which are shown in the bar graph in Figure 23. 45 of these inclu­
sions contained clathrate crystals at the melting temperature. Since
clathrates contain H2O, the determined salinities would not be
representative of hydrothermal fluid. 17 inclusions did not contain
clathrates and from these inclusions the melting temperature
(freezing point depression) is a function of not only the salinity of
the fluid, which includes dissolved salts such as NaCl, but also
dissolved gases such as CO2. The salinities calculated for these
inclusions, which are higher than those calculated from clathrate
melting temperatures (see next section), were 7 weight % NaCl for the
pyrite-bearing fluid, and 6.3 weight % NaCl for metamorphic fluid.
The salinity of the "barren" and "main stage" fluids were 5.9 and 4.8
equivalent weight % NaCl, respectively.
(4) Of the 66 inclusions from all quartz types in which
clathrate melting was observed, 58 contained liquid CO2 at room
temperature, and temperatures obtained from these inclusions were
used to calculate fluid salinity. Clathrate melting temperatures for
"main stage", "barren", pyrite-bearing and metamorphic inclusions are
presented in the bar graph in Figure 24. The "main stage" and
"barren" inclusions had similar average clathrate melting
temperatures of 9.7°C and 9.6®C, respectively. These temperatures
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FIGURE 23. H^O melting temperature diagram.
■ "main stage" quartz
□ "barren" quartz 
® pyrite-bearing quartz
y metamorphic quartz
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7* 3* lO*
T°C
10 inclusions
FIGURE 24. Clathrate melting temperature diagram.
■ "main stage" quartz
o "barren" quartz 
B pyrite-bearing quartz
y metamorphic quartz
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indicated salinities of .8 weight % NaCl for "main stage" fluids and
1.0 weight % NaCl for "barren" fluids. Salinities obtained for the
pyrite-bearing fluids and the metamorphic fluids were 5.0 weight %
NaCl and 4.5 weight % NaCl, respectively.
(5) Forty-four percent of all the inclusions in this study
contained liquid CO2. CO2 homogenization temperatures are presented
in Figure 25 and range from 8.5°C to 29.4°C. Most of the inclusions
homogenized to C02->"ich liquid, but 11 exhibited critical behavior
and 3 homogenized to vapor.
The CO2 homogenization temperature can be used in conjunction
with the estimated volume percent H2O to determine the mole fraction
H2O in the inclusion as described previously. Figure 26 is a bar
graph of mole percent H2O calculated for those inclusions in which
liquid CO2 was observed. The average mole fraction H2O for the "main
stage" ranged from .55 to .97 with an average of .82. The mole
fraction CO2 was .87 for the "barren" fluid. The metamorphic and
pyrite-bearing fluids had a similar range of values between .45 and
.94 mole fraction H2O, with average values of .84 and .76 mole
fraction H2O, respectively.
TABLE 2. SUMMARY OF FLUID INCLUSION HOMOGENIZATION
TEMPERATURES.
"Main
Stage" "Barren"
Bearing
Quartz
Metamorphic
Quartz
Range °C 160-330 110-360 110-360 115-360
Peak of Values °C 250-295 250-310 240-340 200-300
Temperature used in 
thermodynamic calcu­
lations °C
275
FIGURE 25. CO2 homogenization temperature diagram.
■ "main stage" quartz
□ "barren" quartz 
H pyrite-bearing quartz
X metamorphic quartz
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FIGURE 26. Mole fraction H^O calculated from CO2 homopenization
temperature and estimated volume percent H2O.
I
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(6) Table 2 summarizes the homogenization temperatures
presented in Figure 27. Of all the inclusions measured, 53.4%
homogenized to liquid upon heating, 7.4% homogenized to vapor, 35%
decrepitated, and 4.3% behaved critically. All inclusions studied
homogenized between 100°C and 360°C. For the "main stage" and
"barren" quartz, there is a pronounced peak of values between 250-
300°C. Homogenization temperatures from pyrite-bearing quartz and
the metamorphic quartz were more scattered between 100°C and 306°C,
with an average homogenization temperature to a liquid phase of
258.6 and 246.3°C and to vapor of 374.9 and 271.8°C, respectively.
P-T conditions during deposition of the "main stage" and
"barren" quartz were such that the vapor-pressure curve for each
system was intersected and boiling occurred. Figure 28 shows vapor- 
pressure curves for various mole % CO2 in the system H20-C02* From
Figure 28 it can be shown that, for a fluid with a composition of .82
mole fraction H2O such as the "main stage" fluids, a pressure of 825
bars is needed for boiling to commence at 275°C. At 275°C, a fluid
with .87 mole % H2O, such as the "barren" fluids, would boil at 660
bars. The addition of small amounts of NaCl to a CO2-H2O system
raises the solvus crest. Figure 29 is a temperature-X^Q^diagram with
the CO2-H2O solvus and the CO2-H2O with 2.6 wt% NaCl solvus
illustrated. Also included in this diagram is the solvus for CO2-H2O
with 0.8 wt% NaCl constructed from compositional and homogenization
data obtained from the study of fluid inclusions from the Little
Squaw "main stage" quartz. The length of the horizontal bars gives
the estimated error of measurement of volume % H2O following the
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FIGURE 27. Fluid inclusion
homogenization 
temperature
diagram.
■ homogenized to liquid
a homogenized to vapor
El decrepitated
s critical behavior
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FIGURE 28. Isocompositional curves of the liquid phase in equilibrium
with the gas phase in the system H2O-CO2 (after
Takenouchi and Kennedy, 1964).
^C02
FIGURE 29. Empirical solvus for pure CO^-H^O (Hendel and
Hollister,1981), CO2-H2O with 0.8 wt.% NaCl at
825 bars (this paper), and CO2-H2O with 2.6 wt.%
NaCl at 1000 bars (Todheide and Franck,1963). The
length of the horizontal bars give the estimated
error of measurement. (D) decrepitated; (L) homo­
genized to liquid; (C) behaved critically.
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procedure outlined in Hendel and Hollister (1981). From this diagram
it can be shown that at constant pressure and mole % CO2 boiling will
occur at progressively higher temperatures as NaCl is added to the
system. The effects of pressure on the C02-H20-NaCl system are
unknown.
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DISCUSSION
The data obtained from fluid inclusion studies is used in
conjunction with the hydrothermal mineralogy, and vein occurrence to
determine the conditions of mineral deposition, the predominant gold
transporting agent, and the precipitating mechanism. A model is
developed within the above mentioned constraints, which may aid in
prospecting for additional ore shoots in the Little Squaw area.
Conditions of Mineral Deposition
Hydrothermal mineralogy and fluid inclusion studies described in
previous sections can be used to place limits on the physical and
chemical conditions during hydrothermal mineral deposition. A parti­
cularly useful way of depicting these conditions is a log fr, - pH
U2
diagram on which stabilies and solubilities of minerals of interest
can be shown. Important variables that must be considered in the
construction of such a diagram are temperature, pressure, Sqq , fg ,
^S’ ^Na'^’ ^Cl“’
The temperature of hydrothermal quartz crystallization has been
determined from fluid inclusion studies. Because the fluids were
boiling at the time of mineral deposition, the homogenization
temperature of the fluid inclusions is the true trapping temperature.
The temperature ranged from 160°C to 330°, with a most common value
of 275°C for "main stage" quartz.
The mole fraction CO2 in the hydrothermal fluid determined from
fluid inclusion studies ranged from 0.3 to .45, with an average value
of .18 mole fraction CO2. The partial pressure of CO2 can be
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estimated from the mole fraction CO2 and from Henry's law constant by
the relation.
Ki = f^Q IXqq , (Ellis and Golding, 1963) (1)
where K-^ is Henry's law constant, f^Q^ the fugacity of CO2, and X
the mole fraction C02* The salinity of the "main stage" fluid deter­
mined from clathrate melting was 0.8 wt. % NaCl. For a 0.8 wt. %
NaCl, recalculated at .14 molar NaCl solution, Ki = 4600 at 275°C
(Ellis and Golding, 1963). Substituting this value and .18 mole
fraction CO2 into equation 1, the fugacity of CO2 is 828 bars at
275°C. The total pressure is a function of the fugacity of CO2 and
the vapor pressure of H2O at the given temperature according to the
equation:
p = p + P^total ^C02 H2O (2)
The vapor pressure of H2O at 275°C is 59 bars (Weast, 1972).
Substituting this value and the P^q of 828 bars, calculatd above,
Pfotal bars. This is in reasonable agreement with the 825
bars pressure determined for the fluid inclusion trapping pressure in
a previous section of this paper.
The fugacity of O2 can be determined from the reaction:
C + 02^C02 (3)
because in the wall rocks, CO2 is in equilibrium with graphite. The
equilibrium constant for this reaction (K3) is calculated from Ohmoto
and Kerrick (1977) at 275°C and 887 bars by the reaction:
log K3 = log f^Q = + .0421 + .028 ^ . (4)
The fugacity of O2, calculated at .18 mole fraction CO2, is 10"^^*®
bars.
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The amount of total dissolved sulfur used in calculating pyrite
and gold bisulfide stability fields was assumed to be 10"^m. This
value is average for present day geothermal fields according to
Hattori (1975) and for warm springs in a metamorphic terrain
according to Barnes and others (1978).
The sodium and chloride ion activities can be calculated knowing
the salinity of the hydrothermal fluids. Assuming NaCl is the
dominant salt in solution, the molarity of NaCl in a 0.8 wt %
solution is .14m. The activity of sodium, is related to the
concentration of NaCl, (HNaQi> by the equation:
^Na'^ " '"NaCl ' ^±NaCl,
where mf^^Qi is .14 and Yf^gQi , the stoichiometric mean activity
coefficient, is .353 at 275°C (Helgeson, 1969). Substituting these
values into equation (4), we obtain a|^g+ = 0.049m. Since NaCl
dissociates as follows:
NaCl Na'^ + Cl■
then for each mole of Na'*' released, a mole of Cl“ must also be
released. Thus, according to equations (5) and (6),
^Na"'’ " ®cr "
In calculating the activity of the potassium ion it must be
assumed that if alkali feldspar was present at depth, it would be in
equilibrium with albite according to the reaction:
NaAlSi30g + K'^^KAlSigOg + Na'^. (7)
The equalibrigm constant (K7) for this reaction at 275°C is
100.87 (Helgeson, 1969). Since Ky = 10^*®^ and aj^g^. = 0.049m, then
a|<+ = .007m.
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In the Chandalar area, and pH are constrained by the
presence of kaolinite and sericite, but not K-feldspar; presence of
pyrite but not pyrrhotite, hematite or magnetite; and the presence of
graphite in equilibrium with CO2 but not CH4. The equilibria
governing these reactions is shown in Table 3, and the stability
fields are plotted in Figure 30, where it can be seen that during the
hydrothermal event, the pH was between 5 and 6 and the oxygen
fugacity was about 10"^^'®.
Gold Transport Mechanisms
Gold can be carried in solution as the chloride complex AUCI2
(Helgeson and Garrels, 1968; Helgeson, 1969; Casadevall and Ohmoto,
1977), and as the bisulfide complex Au(HS)2 (Seward, 1972;
Casadevall and Ohmoto, 1977), and equilibrium constants for the
transporting reactions have been determined. In addition it has been
suggested that gold might be transported as an arsenothio or
antimonothio complex (Seward, 1972) and as various carbonate
complexes (Kerrick and Fyfe, 1981), but no thermodynamic data on
these complexes are presently available.
Gold is carried in saline solution as an aurous chloride complex
according to the reaction:
Au° + 2C1" + 0.25 O2 + H‘^^AuCl2 + 0.5 H2O (8)
The equilibrium constant K3, calculated from Helgeson (1969) is
102-95 at 275°C. Assuming the aQi" is 0.049 m, gold solubility
curves for various concentrations of AUCI2 are plotted in Figure 30.
Here it can be seen that in the stability field of the Little Squaw
TABLE 3. Selected Equilibrium Constants 64
Reactions Loq K
250°C 275°C 300°C Reference
H2S + 2O2 t ZH*' + SO^' 57.1 52.83 48.55 a
HS0“ + ? 2O2 + H2S -62.5 -59.08 -55.61 a
SO^" + i HS" + 2O2 -64.4 -60.51 -56.61 a
so^' t 2O2 + s^‘ -72.7 -68.48 -64.26 a
NaAlSi30g + t KAlSigOg + Na"^ 0.95 0.87 0.79 a
SKAlSigOg + 2H^ t 8.12 7.97 7.82 a
2KAl3Si30^g(0H)2+2H^3H20 t 3Al2Si205(0H)4+2K‘^ 6.20 5.78 5.44 a
2FeS2 t 2FeS + $2 -14.06 -12.84 -11.62 a
2H2O + $2 J 2H2S + O2 -30.6 -28.91 -27.21 a
2H2O + 2U*' + O2 + 2HS" -45.3 -44.32 -43.33 a
3Fe$2 + 2O2 t Fe304 + 3$2 35.81 34.87 33.93 a
Fe$2 + 1.502^ Fe203 + 282' 29.35 28.77 28.19 a
3Fe203 t 2Fe304 + O.5O2 -16.44 -15.40 -14.35 a
Au° + H2S + HS‘+ O.25O2 ^ Au(HS)2 + O.5H2O -1.18 b
O.5O2 + H2 ? H2O 21.9 20.8 19.8 c,b
Au° + .25O2 + $ Au'^ + O.5H2O -3.52 -3.25 -2.99 a
AUCI2 ^ Au^ + 2C1 -6.2 -6.2 -6.2 a
H2S t HS’ + -7.59 -7.86 -8.12 c
S^’ + ^ HS’ 8.61 8.17 7.72 a
H2O Z + O.5O2 -21.9 -20.9 -19.8 b
C02^ C + O2 -37.6 d
a.) Helgeson,1969; bjCasadevall and Ohmoto,1977; c.) Crerar and Barnes,1976;
d.)Ohmoto and Kerrick, 1977
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FIGURE 30. Log fr, - pH diagram at 275° and 825 bars. Shaded
2
area indicates conditions for gold deposition 
in the Little Squaw area. zS=.01m; zC0p=.18m;
a^.|-=0.049m ;a|^+=0.007m; (Hm) hematite;
(Py) pyrite; (Po) pyrrhotite; (Mt) magnetite;
(Kao) kaolinite; (Ser) sericite; (K feld) 
potassium feldspar.
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mineralization (pH about 5 and log fg about lO"^^-^), the AuCl^
was responsible for very little gold carried in solution, and
therefore can be discounted as the predominant gold-transporting
agent.
The gold bisulfide complex will transport gold in solution in or
near neutral and acid pH conditions according to the following
reaction:
Au° + + HS" + 0.2502^ Au(HS)‘ + 0.5 H2O. (9)
The equilibrium constant used in calculating gold solubility curves
was calculated at 275°C from data presented in Seward (1972) and
Casadevall and Ohmoto (1977) and is 10”^*^®. Solubility curves for
various gold bisulfide concentrations are plotted in Figure 30. The
stability field of the mineralizing fluids lies within the 0.1 ppm
and 0.01 ppm Au(HS)2 solubility curves, indicating the gold
bisulfide complex may have been the predominant transporting agent.
The presence of arsenopyrite and stibnite in the Little Squaw
ore deposits suggest that arsenothio and antimonothio complexes may
have transported some gold in the hydrothermal fluids (Seward, 1972).
Kerrick and Fyfe (1981) report that CO2 and CO may act as complexing
agents in the transport of Au. This transport mechanism may have
played a role in the Little Squaw deposits evidenced by the abundance
of liquid CO2 in fluid inclusions. However, no experimental or
thermodynamic data are available for gold arsenothio, antimonothio or
carbonate complexes and their importance cannot be evaluated at this
time.
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Precipitating Mechanisms
Deposition of Au from solutions containing Au(HS)2 complexes
will occur in response to changes in temperature, pressure, pH,
oxidation potential of the system, and total sulfur concentration.
Decrease in temperature leads to deposition of gold and
associated sulfides. There is little difference in the temperatures
of crystallization of the "barren" quartz and the "main stage"
quartz. Therefore, temperature decrease alone was not the cause of
Au deposition.
A near neutral-pH ore solution encountering a dilatant zone
would precipitate Au in response to a pressure change in fluids at
temperatures less than 250°C. At temperatures greater than 250°C,
the solubility of Au would be enhanced by the pressure reduction
(Seward, 1972). The Little Squaw fluids precipitated gold at
temperatures greater than 250°C, and therefore pressure reduction did
not directly induce Au deposition.
Fluid inclusion studies of the Little Squaw ore and associated
quartz veins showed that fluids were boiling at the time of
crystallization. It is believed that boiling and the changes of the
system caused by boiling is the controlling factor in Au deposition.
Boiling of a solution occurs in response to an increase in
temperature or a decrease in pressure to the extent that P-T
conditions intersect the vapor pressure curve for that particular
compositon. As boiling proceeds, H2O is removed from the fluid and
decreases. Consequently, the crystallization temperature of the
remaining phases increases promoting precipitation of the phases with
D
ep
th
, k
m
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FIGURE 31. Temperature, depth, and geothermal gradient 
of mineralization in the Little Squaw area. 
Vapor- pressure curve after Takenouchi and 
Kennedy (1964).
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metamorphism. The density of the hydrothermal fluid from "main 
stage" mineralization and the country rock was 1.1 g/cc and 2.9 g/cc, 
respectively. Thus, the lithostatic pressure at this time was about 
2.1 kbars (Point B in Figure 31). This means that the geothermal 
gradient at the time of mineralization was about 37°/km (line OB in 
Figure 31). In the absence of evidence for igneous activity, this 
relatively high geothermal gradient is most likely the result of 
rapid uplift associated with thrust faulting and high angle normal 
faulting in the Little Squaw area.
To explain this phenomenon, a hydraulic facture model is 
invoked, similar to the model proposed by Paterson (1982) to explain 
the origin of scheelite deposits in the Otago schists. New Zealand. 
Tectonic activity after the peak of metamorphism uplifted rock to a 
point where the fluid pressure exceeded the confining pressure 
(lithostatic) and the tensile strength of the country rock, and 
hydraulic fracturing occurred, allowing the migration of the pore 
fluids to the dilatant zones. This switch from lithostatic to hydro­
static conditions caused the fluids to boil. Geothermal systems 
naturally tend to self-seal by the deposition of silica (Facca and 
Tonani, 1974), and conditions returned to lithostatic. The cycle 
1 ithostatic-hydrostatic-1 ithostatic may have been repeated several 
times, causing the successive deposition of the "barren" quartz and 
the "main stage" quartz.
The hydrothermal fluid responsible for mineralization in the 
Little Squaw area may have been generated from metamorphic 
devolitilization reactions below the present erosional surface, or it
71
may have been meteoric water circulating through uplifted, relatively 
hot rocks. Large volumes of water and volatiles are released during 
prograde metamorphism, especially in the transition from greenschist 
facies to amphibolite facies. If fluids were generated at depth, 
they must have migrated upward until rocks hydraulically fractured 
and fluids migrated into the dilatant zones. Deep seated dehydration 
reactions have been suggested by Patterson (1982) as a possible 
source of hydrothermal fluids in the Glenorchy scheelite deposit in 
the Otago schist. New Zealand, on the basis of oxygen isotope 
studies. Alternatively, the hydrothermal fluids may have been 
meteoric waters circulating through uplifted, hot rocks. Such a 
situation is found along the Alpine Fault, New Zealand, where at 
least 18 km vertical uplift since early Tertiary (Barnes and others, 
1978) has exposed amphibolite facies rocks which give K-Ar 
radiometric ages of between 0 and 100 million years (Harper and 
Landis, 1967). Isotopic studies of hot springs in the Alpine Fault 
area show that the waters are meteoric in origin (Barnes and others, 
1978). Choosing between a metamorphic and meteoric source of fluids 
must await H2 and O2 isotope studies in the Chandalar area.
The source of gold in the Little Squaw area is unknown at this 
time, but the greenstones in the area are a likely source. It has 
been shown for other vein-type deposits in greenstone belts similar 
to the Little Squaw, such as the Yellowknife gold deposits. Northwest 
Territory, Canada (Boyle, 1955, 1959), Ranagiri gold fields, Andra 
Pradesh, India (Ghosh, 1970), and Otago, New Zealand (Henley and 
others, 1976) that greenstones could have supplied all the vein
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constitu6nts, which were niobilizecl during regional metamorphism and 
deposited in dilatant zones.
Prospecting
The most likely place to find additional gold reserves in the 
Little Squaw area is in quartz-bearing post-metamorphic structures 
near greenstones in which the quartz has liquid-rich and vapor-rich 
primary fluid inclusions containing a dense phase of CO2 coexisting 
with H2O phases. Figure 32 is a diagram of a vapor-dominated 
hydrothermal system modified from White and others (1971), in which 
fluids boil when the net fluid discharge exceeds recharge. Fluid 
inclusions trapped in minerals crystallizing in this type of 
convective geothermal system are shown at different elevations within 
the system. Below the zone of boiling (A in Figure 32) inclusions 
will be liquid-rich with a consistent degree of fill and will tend to 
be more saline than inclusions trapped above in the column. Above 
the zone of boiling vapors will escape through the dilatant zone, 
until cooled sufficiently to condense. Fluid inclusions trapped in 
minerals precipitating above the zone of boiling will be liquid rich. 
Inclusions trapped in the crystallizing phases within the boiling 
zone (B in Figure 32), where the fluid is inhomogeneous, will contain 
varying amounts of liquid and vapor. Since Au deposition in the 
Little Squaw lodes has been shown to be an integral consequence of 
boiling, then this zone of boiling is where gold will be localized.
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FIGURE 32. Model of a vapor- dominated geothermal 
system.
A. ) Liquid dominated. Fluid inclusions
trapped at this horizon will have a
consistent degree of fill and tend to
be liquid rich.
B. ) Zone of boiling. Fluid inclusions
trapped in this horizon will be both
liquid rich and vapor rich.
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Conclusions
Gold-bearing quartz veins in the Little Squaw area crystallized 
in post-metamorphic structures at 275°C and 825 bars from boiling 
C02-rich fluids. Thermodynamic calculations indicate Au(HS)2 was the 
predominant gold transporting complex, but arsenothio, antimonothio, 
and carbonate complexing may have contributed to the transport of 
gold. It is believed that boiling commenced when lithostatic 
pressure switched to hydrostatic pressure as a result of tectonic 
uplift accompanied by hydraulic fracturing. The physiochemical 
changes that took place in the hydrothermal system during boiling, 
caused gold to precipitate. The search for additional ore shoots 
should center on locating the zone of boiling within post-metamorphic 
quartz-bearing structures in the Little Squaw area.
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MIKADO
LITTLE
SQUAW
SUMMIT
METAMORPHIIC
ROCKS
PLUTONIC
ROCKS
APPENDIX I
Location of Samples not in Figure 2. /
11 100 Intermediate, north rib
13 100 Intermediate, south rib
26 200 Intermediate, "main stage"
27 200 Intermediate, pyrite-bearing quartz
29 200 Intermediate, "main stage"
36 100 Intermediate, pyrite-bearing quartz
48 200 Intermediate, pyrite-bearing quartz with dolomite
77 100 Intermediate, pyrite-bearing quartz, south rib
37 100 Intermediate, quartz pods in fault gouge
96 grab sample from ore dump
86 100 level, "main stage"
91 100 level, "barren"
88 100 level, "barren"
87 surface trench, "barren"
90 surface trench, "main stage"
81 grab sample of ore
46 100 level, "main stage"
99 200 level, "barren"
98 100 level, "main stage"
97 100 level, "barren"
100 200 level, "main stage"
66 greenstone. Crystal Peak area
67 greenstone. Crystal Peak area
83 greenstone, northeast of Pioneer claim
55a
55b Baby Creek Pluton, float
55c
55d
Petrography of the Little Squaw Country Rocks
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Description of Quartz Used for Fluid 
Inclusion Studies
SAMPLE * LOCATION INCLUSION
TYPES
DESCRIPTION
88 LSB I,II, 
III,IV
coarse-grainediclear; straight extinction, 
numerous large inclusions; evidence of boiling
87 LSB I,II,
III
coarse-grained; clear;straight extinction; 
several vapor bubbles in constant motion; 
evidence of boiling
91 LSB I,II,
III
coarse-grained; clear; straight extinction; 
several vapor bubbles in constant motion; 
evidence of boiling
86 LSO I,II,
III
fine-grained banded with coarser-grained 
material-.cloudy; straight extinction in coarse 
grained area; some vapor bubbles in constant 
motion; small inclusions(<10um); evidence of 
gentle boiling; Au, graphite, and scorodite 
common
90 LSO I,II,
III
fine-grain banded with coarser-grained material, 
cloudy; straight extinction in coarse-grained 
area;evidence of gentle boiling; Au, graphite, 
and scorodite common
46 SO I,III fine-grained banded with coarser grained mater­ial; cloudy; numerous minute inclusions making 
identification of phase changes difficult; quartz 
around Au has no inclusions; Au, sulfides, and 
graphite common; probable boiling
45 SB I,II. 
Ill,IV
coarse-grained,clear;straight extinction; inclusions
larger and clearer than 46; evidence of
boiling
99 SB I,II
III
coarse-grained with some fine-grained; clear; 
inclusions larger and clearer than 46; evidence 
of boiling
26 MO I,II, 
III,IV
fine-grained with vuggy, coarser material; 
cloudy; few inclusions in fine-grained area; 
evidence of gentle boiling; sulfides, graphite, 
and Au common
96 MO I.II fine-grain banded with coarser-grained material; cloudy; some vapor bubbles in constant motion, 
very few inclusions, all of which are less than 
lOum; evidence of boiling; sulfides, graphite, and
gold in bands and clusters
APPENDIX IV continued
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27 MPy I,II, fine-grained with some coarser-grained material;
III cloudy; possible evidence of boiling; minor calcite
near pyrite and graphite
36 MPy II coarse-grained; clear; inclusions rare except
as secondaries along fractures
34 GS I,II coarse-grained; clear; fractured; undulose
extinction; some primaries, many secondaries
103 GS II,III coarse-grained; clear; fractured; undulose
extinction; many secondaries along fractures; 
primaries rare
102 MS II,III coarse-grained with some fine-grained at
crystal borders; fractured; undulose extinction; 
mostly secondaries
101 MS II,III coarse-grained with fine-grained at crystal 
borders; fractured; undulose extinction
*Location- LSB Little Squaw "barren" quartz
LSO Little Squaw "main stage" quartz
SO Summit "main stage" quartz
SB Summit "barren" quartz
MO Mikado "main stage" quartz
MPy Mikado pyrite-bearing quartz
MS Quartz segregations from schist
GS Quartz segregations from greenstone
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